Astroviruses infect humans and many animal species and cause gastroenteritis. To extensively understand the distribution and genetic diversity of astrovirus in small mammals, we tested 968 anal swabs from 39 animal species, most of which were bats and rodents. We detected diverse astroviruses in 10 bat species, including known bat astroviruses and a large number of novel viruses. Meanwhile, novel groups of astroviruses were identified in three wild rodent species and a remarkably high genetic diversity of astrovirus was revealed in Eothenomys cachinus. We detected astroviruses in captive-bred porcupines and a nearly full-length genome sequence was determined for one strain. Phylogenetic analysis of the complete ORF2 sequence suggested that this strain may share a common ancestor with porcine astrovirus type 2. Moreover, to our knowledge, this study reports the first discovery of astroviruses in shrews and pikas. Our results provide new insights for understanding these small mammals as natural reservoirs of astroviruses.
The Astroviridae is a family of small, non-enveloped, positive-sense, single-stranded RNA viruses characterized by a star-like surface structure. They have been identified in humans and a wide variety of animal species and are classified into two genera, namely Mamastrovirus and Avastrovirus, which infect mammals and birds, respectively (Méndez & Arias, 2007) . Human astroviruses are distributed worldwide and considered as one of the major causative agents of viral gastroenteritis in children (Herrmann et al., 1991; Moser & Schultz-Cherry, 2005) . In non-human animals, diarrhoea associated with astroviruses has also been described from various host species (Englund et al., 2002; Shimizu et al., 1990; Smits et al., 2010; Toffan et al., 2009 ).
Rodents and bats constitute the two largest groups of mammalian species. Bats are reservoir hosts of numerous viruses including some important zoonotic viruses (Shi, 2013; Smith & Wang, 2013) and rodents have been indicated as the source of a variety of emerging viruses such as hantaviruses and arenaviruses (Enria & Pinheiro, 2000; Meerburg et al., 2009) . Previous studies have reported both high prevalence rate and genetic diversity of astroviruses in Chinese bats (Chu et al., 2008; Xiao et al., 2011; Zhu et al., 2009) . In rodents, astrovirus was first identified in a colony of nude mice with diarrhoea (Kjeldsberg & Hem, 1985) and, recently, several studies have described novel astroviruses in wild and laboratory mice as well as in urban brown rats (Chu et al., 2010; Farkas et al., 2012; Ng et al., 2013) . However, the distribution of astroviruses in many other rodent species remains unknown. To further investigate the prevalence and genetic diversity of astrovirus in rodents and bats as well as to gain more information about its ecology and evolution, we conducted an extensive surveillance of astroviruses in a wide range of small mammalian species, most of which were rodents and bats. Here we report the discovery of multiple novel astroviruses from these animals.
In this study, a total of 968 anal swab samples from 39 different species of small mammals including bats, rodents, shrews, pikas and weasels were collected from Hainan, Guangxi and Yunnan Provinces in southern China from 2008 to 2012. The number of samples from each animal species is listed in Table 1 . Swabs were placed in RNAlater RNA stabilization reagent (Qiagen) and stored at 280 u C. Viral RNA was extracted by using a QIAamp viral RNA mini kit (Qiagen) following the manufacturer's instructions. For screening of astroviruses in bats, cDNA was generated by using random hexamer primers and M-MLV reverse transcriptase (RT) (Promega), followed by heminested PCR with degenerate primers targeting the RNAdependent RNA polymerase (RdRp) gene of all known mammalian astroviruses (Chu et al., 2008) . For screening in rodents and other animals, one-step hemi-nested RT-PCR assay with the same primers was performed using a SuperScript III one-step RT-PCR kit (Invitrogen), as the one-step assay showed a better sensitivity than the conventional two-step RT-PCR in our rodent samples. PCR amplicons of expected size were purified and directly Novel astroviruses from small mammals sequenced in both directions with an ABI Prism 3730 DNA analyser. For those amplicons generating sequence heterogeneity in the sequencing chromatograms, the PCR products were cloned into pGEM-T easy vector (Promega) for DNA sequencing. Alignments were done using CLUSTAL X, version 1.83, and phylogenetic trees were reconstructed using MEGA software, version 4, by the neighbour-joining method with a bootstrap of 1000 replicates.
A total of 47 positives were detected from 620 bat samples with a positive rate of 7.6 %. Ten out of 19 bat species screened in this study were found to harbour astroviruses (Table 1 ). The detection rates varied among these bat species, ranging from 2.4 % to 75 %. The highest positive rates were found in Miniopterus magnater (75 %), Hipposideros larvatus (17.7 %) and Scotophilus kuhlii (11.5 %). Astrovirus was detected for the first time in three bat species, Rhinolophus pusilus, Rhinolophus affinis and Myotis horsfieldii.
We reconstructed a large-scale phylogenetic tree based on partial sequences (381 nt) of the RdRp gene (Fig. 1a) . The majority of astroviruses detected from bats in this study were clustered in a large clade together with previously reported bat astroviruses (Chu et al., 2008; Wu et al., 2012; Xiao et al., 2011; Zhu et al., 2009) . Within this clade, four bat astrovirus groups with host restriction could be further identified. Group 1 comprised exclusively viruses detected from Hipposideridae and Rhinolophidae, two families once classified as one family. Groups 2 and 4 consisted of only viruses from the genera Myotis and Miniopterus (family Vespertilionidae), respectively, while Group 3 contained viruses from just a single bat species, Scotophilus kuhlii. In these four groups, the astroviruses detected in this study exhibited various degrees of sequence similarity with those described in previous studies. For example, Bat astrovirus (AstV) Ms/YG043 showed 99.7 % nucleotide sequence similarity with Miniopterus schreibersii astrovirus 12 also found previously in Hainan (Wu et al., 2012) , while Bat AstV Ra/DL040, which we detected in Rhinolophus affinis from Hainan, showed the highest nucleotide sequence similarity of only 76.1 % to RpAstV/Jiangxi/A860/05 from Rhinolophus pearsonii (Zhu et al., 2009) .
Seven viruses we found in Hipposideros larvatus, Scotophilus kuhlii and Miniopterus magnater fell into another group of bat astrovirus without host specificity that contained astroviruses identified previously from various bat genera of different families (Chu et al., 2008; Xiao et al., 2011; Zhu et al., 2009) (Fig. 1a) . In this group, five astroviruses from Hipposideros larvatus concentrated within a single branch had nucleotide sequence similarities lower than 68.8 % with known bat astroviruses in the partial RdRp gene, which suggested a novel species of bat astrovirus. Other than the five groups of bat astroviruses, two strains we detected in Rhinolophus affinis and Tylonycteris robustula, namely Bat AstV Ra/CW01 and Tr/LS01, respectively, formed their own branches with high divergence from other bat astroviruses in the phylogenetic tree (Fig. 1a) , suggesting two novel bat astroviruses.
In this study, the viruses found in a single bat species sampled on a single day in one habitat could cluster in phylogenetically distinct groups (Fig. 1a) , which was consistent with previous descriptions (Xiao et al., 2011; Zhu et al., 2009) . Moreover, co-infection with multiple astroviral strains was observed in seven samples from six bat species, as revealed by cloning of amplicons generating overlapping multicolor peaks in preliminary sequencing. Our finding suggested that astroviruses were genetically diverse not only within single bat species but even within some individuals.
Our screening of astrovirus in free-ranging rodents inhabiting a mountainous forest in Nujiang, north-western Yunnan, revealed a total of 44 positives (27.3 %) from 161 samples ( Table 1 ). The positive samples were from Eotheonomys cachinus, Niviventer eha and Volemys milliciens, and the prevalence rates were 40.9 %, 22.2 % and 50.0 %, respectively. We did not detect astroviruses in the other six rodent species, probably because sample sizes were limited (n¡6).
Astroviruses were highly prevalent and remarkably diverse among Eothenomys cachinus (Fig. 1a) . On the phylogenetic tree, the strains detected in this species could be mainly divided into three host-specific groups distinct from all known mamastroviruses, showing amino acid sequence identities lower than 66.1 % in the partial RdRp gene with previously described rodent astroviruses, such as strains detected in wild and laboratory mice from Hungary and the USA (Farkas et al., 2012) . These Eothenomys cachinus astroviruses were likely to represent a series of novel mamastrovirus species. In addition to the three major groups, the remaining Eothenomys cachinus astrovirus strain, Vole AstV Ec/FG064, was shown to be genetically closely related to AstV_Rat1 from Rattus norvegicus reported in Russia (GenBank accession number: JX083290), sharing 84 % amino acid sequence identity. Additionally, copresence of two distinct astroviruses was also observed in one Eothenomys cachinus sample (Vole AstV Ec/FG91-1 and Ec/FG91-2), as we found in bats (Fig. 1a) . The astroviruses we found in Niviventer eha exhibited a lesser degree of genetic diversity. All of the six strains were clustered together and appeared to be monophyletic with Rat AstV RS118 and RS126 reported from Rattus norvegicus in Hong Kong (Chu et al., 2010) (Fig. 1a) . The only two viruses identified from Volemys milliciens, Vole AstV Vm/FG156 and Vm/FG163, were genetically distant from each other. However, they displayed a sister-clade relationship to Eothenomys cachinus astrovirus Group 1 and Group 3, respectively. Overall, our results revealed a great genetic diversity of astroviruses in wild rodent populations in an environment distant from human settlement.
In our screening of astrovirus in 161 farmed rodent specimens collected from Guangxi Province, all bamboo rats were negative but 16 porcupines (Hystrix branchyura) from a single wildlife farm tested positive (Table 1) . Sequences of the 369 nt partial RdRp gene from these positive porcupine specimens shared 99.7 % to 100 % nucleotide similarity between each other and were most closely related to strains of porcine astrovirus type 2 (PAstV-2) described in different studies (Brnić et al., 2013; Luo et al., 2011; Shan et al., 2011) (Fig. 1a) . One strain, namely LP084, was subsequently selected as a representative porcupine astrovirus (PcpAstV) strain for viral genome sequencing. One-step RT-PCR amplifications were performed using the RNA extracted from the faecal swab as template. The primers for genome amplification were designed by aligning genome sequences of related astroviruses and the primer sequences are available upon request. However, we could not get the full-length sequence of the 59 end of the genome after several attempts using 59 RACE. The nearly full-length [6069 nt excluding the poly(A) tail] genome sequence of PcpAstV-LP084, which included partial ORF1a, complete ORF1b, complete ORF2 and the 39 UTR region, was obtained by assembling multiple overlapping PCR fragments, and the predicted genome organization was in accordance with other astroviruses (Fig.  2a) . ORF1a and ORF1b contained the serine-like protease and RdRp motif, respectively, and a slippery heptamer (59-AAAAAAC-39) responsible for a ribosomal frameshift event was located at the ORF1a/1b junction.
The comparison of amino acid sequences from the three ORFs revealed that in the ORF1b region, the porcupine astrovirus shared rather high sequence identities (.94 %) with strains of PAstV-2 (Table S1 , available in the online Supplementary Material). It also had .80 % amino acid sequence identities to bovine astroviruses (BAstV) documented Phylogenetic tree based on the amino acid sequence of complete ORF2 of astrovirus. The tree was reconstructed using the neighbour-joining method implemented in MEGA 4. Bootstrap percentages (shown at nodes) were calculated after 1000 replicates. Astrovirus isolates belonging to the 19 currently approved species within the genus Mamastrovirus and several ungulate astroviruses related to PcpAstV-LP084 were included in the analysis. An avian astrovirus (AB033998) was used as an outgroup. Bar, 0.1 substitution per amino acid position.
from Hong Kong (Tse et al., 2011) and a Capreolus capreolus astrovirus (CcAstV) (Smits et al., 2010) but ,60 % sequence identities to other known astroviruses. In ORF2 that encoded the capsid protein, the degree of sequence conservation was much lower and PcpAstV-LP084 showed the highest sequence identity of 68.3 % to PAstV-2/ US/IA122 (Xiao et al., 2013) . We reconstructed another neighbour-joining tree using the amino acid sequences of complete ORF2. The tree exhibited a similar topology to the tree shown in the latest ICTV taxonomic proposal on the genus Mamastrovirus (2010.018aV), but a new clade was present containing PcpAstV-LP084, PAstV-2, BAstV and CcAstV (Fig. 2b ) and well-supported by a high bootstrap value. Within this clade, PcpAstV-LP084 showed a closer phylogenetic relationship to PAstV-2 and the genetic distance analysis revealed that it shared a mean amino acid genetic distance of 0.311 to the three PAstV-2 strains, which was within the intra-species range (Table S2) according to ICTV's newly proposed classification criteria for the genus Mamastrovirus, suggesting PcpAstV-LP084 and PAstV-2 may share a common ancestor and belong to the same unassigned species within the genus Mamastrovirus. However, whether this porcupine astrovirus originated from a crossspecies infection from pigs remains a question that requires further investigation.
Moreover, we discovered astroviruses in other small mammals from the site where we trapped wild rodents in Yunnan. Three samples from two species of shrews were positive for astrovirus (Table 1) . Two strains detected from Episoriculus leucops (Shrew AstV El/FG102 and El/ FG159) shared 99.0 % nucleotide sequence similarity in the 381 nt partial RdRp gene with each other and 72.4-73.2 % similarity with another astrovirus from Crocidura attenuata (Shrew AstV Ca/FG184). They formed a new clade on the phylogenetic tree (Fig. 1a) and represented two distinct novel astroviruses. To our knowledge, this is the first study to identify astroviruses in shrews. Besides, our tests also revealed the presence of astroviruses in two out of three samples from moupin pikas (Ochotona thibetana) that belong to the order Lagomorpha (Table 1) . BLASTN results for the partial RdRp gene sequence of these pika astroviruses exhibited the highest score with two rabbit astroviruses (Martella et al., 2011; Stenglein et al., 2012) , with 77.1 % nucleotide sequence similarity.
Finally, as astroviruses were detected in diverse small mammal species in our study, we performed a phylogenetic analysis of the host species based on mitochondrial cytochrome b gene sequences to depict the relationship between these small mammal species (Fig. 1b) . The tree revealed that the order Rodentia are phylogenetically related to the order Lagomorpha and Primates but distant from the order Chiroptera. This is in line with the phylogenetic relationship between astroviruses from rodents, pikas, humans and bats (Fig. 1a) . Within rodents, the phylogenetic proximity between the species Niviventer eha and Rattus norvegicus as well as that between Eothenomys cachinus and Volemys milliciens may explain the close relationship between astroviruses detected in corresponding rodent species (Fig. 1a, b) . The generally congruent topology of the phylogeny of these novel astroviruses and their host species may suggest the coevolution of some astroviruses with their small mammal hosts.
In conclusion, we have detected multiple novel astroviruses from small mammal hosts of different orders, including bats, rodents, shrews and pikas. To our knowledge, many species were demonstrated for the first time to harbour astroviruses. The remarkable diversity of these novel astroviruses provides new clues towards understanding the ecology and evolution of astroviruses and this discovery expands our knowledge of the role of wildlife as natural reservoirs of astroviruses. Furthermore, the close phylogenetic relationship between some rodent astroviruses and ungulate astroviruses (e.g. PcpAstV and PAstV-2) implies the possibility of cross-species transmission. Our findings suggest the need for systemic surveillance on a larger geographical scale of astroviruses in small mammals of different species.
